Introduction
Aerosol particles, e.g. desert dust, smoke from biomass burning and urbanindustrial pollution (Kaufman et al., 1997a) can affect the radiation budget and the temperature field by changing the energy balance and distribution of solar radiation in the atmosphere. To understand this radiative forcing of climate, we need to determine the effect of aerosol on absorption and partition of spectral solar radiation between the Earth's surface and atmosphere. Aerosol increases atmospheric absorption of solar radiation and reflection of sunlight back to space. Both of these processes reduce the solar radiation reaching the Earth's surface. The reflection of radiation to space may counteract the greenhouse warming by cooling the Earth system (Charlson et al., 1992) .
The redistribution of radiation is expected to change the temperature profiles (Alpert et al., 1998) , atmospheric stability and possibly cloud formation (Ackerman et al., 2000) .
Satellite spectral measurements are used for remote sensing of the presence of aerosol, e.g. the effective aerosol optical thickness derived from AVHRR (Husar et al 1997) and the absorbing aerosol index derived from TOMS . New efforts with present satellites (AVHRR, OCTS, POLDER) and new satellite missions (EOS-MODIS, EOS-MISR, ADEOS-GLI) work towards quantification of remote sensing of aerosol loading (Kaufman et al., 1997a , Tanré et al., 1997 Herman et al., 1997b; Nakajima et al., 1999; Higurashi and Nakajima, 1999) . Spectral fluxes are also derived from the measured radiation field by the MODIS instrument on EOS-Terra (Tanré et al 1997 , Kaufman et al., 1997b . These measurements will provide spectral fluxes at the top of the atmosphere and should be supplemented by measurements of the aerosol attenuation of the spectral solar flux reaching the Earth's surface (King, 1979, Bird and Riordan, 1986; Harrison et al., 1994, Eck et al; 1998) .
The difference between the aerosol forcing at the surface and at the top of the atmosphere is the rate of aerosol heating of the lower atmosphere (Satheesh and Ramanathan, 2000) . Substantial advancement has been made in regard to the broad band partition of solar radiation and measurements of the flux reaching the surface (Charlock, and Alberta 1996; Pinker, Laszlo, 1992; . But in order to resolve the present discrepancies between measured and calculated solar fluxes reaching the surface (Li et al. 1995 , Arking, 1996 Ramanathan et al., 1995; Cess et al., 1995) , spectral measurements of the partition of sunlight are required (e.g. Stephens and Tsay, 1990; Vogelmann et al., 1998; Pilewskie et al., 1998) , see also review by Li et al. (1997) . Spectral partition can be used to decide if the additional absorption is due to unresolved water vapor absorption in the near-IR (e.g. Belmiloud et al., 2000) , or due to new molecular absorption not detected before, or wrong aerosol absorption model in a specific spectral region.
Here we introduce a new technique to derive the spectral diffuse radiation reaching the surface. This diffuse flux of scattered sunlight in the sky is derived from sky measurements in the principal plane. The method is suitable for the existing measurements by the 50-100 instrument strong global AErosol RObotic NETwork (AERONET) of sun/sky radiometers, that began operation in 1992 (Holben et al., 1998, http://aeronet.gsfc.nasa.gov:8080/) . It is very different from present flux measurements, thus introducing "a second opinion" on the effect of aerosol on attenuation of downward spectral radiation, and an inexpensive method to expand the coverage of the spectral flux measurements. We first describe the pros and cons of the new method and its application to several AERONET prime sites.
The remote sensing approach
Remote sensing of the effect of aerosol on the diffuse solar flux reaching the surface is illustrated here using the single scattering approximation for an atmosphere with only aerosol particles, with a scattering phase function P(Θ) and single scattering albedo ω o . Application of the method to AERONET data is done using rigorous radiative transfer calculations (Dave and Gazdag, 1968) for realistic atmosphere. In the single scattering approximation, for a non-reflective surface, the radiance reaching the surface is given by linearizing the single scattering expression of Hansen and Travis (1974) :
where, F ο is the extraterrestrial solar spectral irradiance, τ the optical thickness and θ is the view zenith angle. The scattering angle Θ is related to the view zenith angle θ, the solar zenith angle θ ο , and the azimuth between them φ by:
Aerosol properties that determine sky brightness are the single scattering albedo, the phase function and the optical thickness. Though the optical thickness can be accurately derived from the measured attenuation of direct sun light (e.g. Shaw, 1979) , the phase function and single scattering albedo are much more uncertain (Dubovik et al., 2000) .
The diffuse flux reaching the surface is the integral of the sky radiance (eq. 1) on the downward hemisphere:
It is measured directly by the shadow band flux instruments, that measure the sky brightness by shadowing the sun (Bush and Valero, 1999) . Though measurement of the flux is a direct determination of the diffuse solar radiation reaching the surface, it is sensitive to the ability of the instrument to sense equally photons arriving from all directions and requires a perfect horizon line. To derive the aerosol effect on the diffuse flux, it requires perfectly cloud free conditions. Therefore, the sampling may be biased towards measurements during high pressure systems that suppress cloud activity, but may have atypical aerosol and humidity conditions.
The AERONET autonomous robots record the sky brightness in the principal plane, a plan perpendicular to the surface that passes through the sun. The sky radiance in this plane, similar to eq. 1 can be described by:
Though the principal plane does not cover all the azimuthal angles of the sky it does cover all the scattering angles that determine all of the values of the phase function that affect the sky brightness. Fig. 1 demonstrates the distribution of the scattering angle.
Note that any scattering angle in the 2-D sky can be found by interpolating two values in the 1-D principal plane. This full coverage of all the possible scattering angles is the basis for using the principal plane radiances to derive the full sky illumination. It assures that all the physical and chemical parameters that determine the optical properties of the aerosol and the sky radiance are included in the principal plane radiance. The following steps describe the method:
• Derive the aerosol optical thickness, τ a , from the AERONET measured attenuation of direct sunlight.
• Calculate an arbitrary sky illumination L a (τ, ρ, θ, φ) assuming a given aerosol model -e.g. a lognormal distribution of spherical homogenous aerosol particles with mean particle radius of R g =0.06 µm, standard deviation of σ=0.6, single scattering albedo of ω=0.98, refractive index of (1.53-0.003i), and constant surface reflectance of ρ=0.1. • Convert the arbitrary sky radiance, L a (τ, ρ, θ, φ) , into the true sky radiance, L s (τ, ρ, θ, φ), by scaling it with the radiance measured in the principal plane, L pp-m (Θ):
where L pp-a (Θ) is the value of L a in the principal plane, and Θ is scattering angle for: θ, φ (see eq. 1).
In the single scattering approximation eq. 5 means: Multiple scattering can be expected to retain some of the memory for these properties.
• Integrate the measured radiance L s (τ, ρ, θ, φ) to get the derived-measured diffuse sunlight flux reaching the surface:
The effect of multiple scattering on errors in the scaling (eq. 5) is proportional to the aerosol optical thickness. Therefore a sensitivity study is performed for optical thickness of 1.0, using rigorous radiative transfer model, to calculate the residual error.
Smaller optical thicknesses are expected to generate proportionally smaller errors. Table   1 summarizes the results. Assuming that the errors are independent, the total error is expected to be smaller than 2.5%. This is substantially smaller than calibration errors of radiometers, or errors introduced in direct spectral flux measurements. Therefore the new method, of deriving the diffuse solar flux on the Earth surface from the measured principal plane sky radiation is very attractive. As in any method that derives properties of the atmosphere in cloud free conditions, cloud screening is a critical element. It is described in the next section.
Cloud Screening
Cloud screening is mainly based on the angular smoothness of the principal plane data. Using data collected from Cape Verde, off the west coast of Africa, during one month, we use the following cloud screening. Define the roughness parameter, σ λi , for wavelength λ and scattering angle Θ i as: This is mainly due to the much better ability for cloud screening in the AERONET data than in the shadow-band. While shadow band measures the whole sky in one shot, AERONET measures each 1°x1° of sky brightness at a time in the principal plane, and the software eliminates points that are much brighter (cloud) or darker (shadow) than the adjacent points.
We consider it a partial experimental confirmation (for optical thickness<0.6) of the method to derive the fluxes from the AERONET principal plane measurements, since the smoke aerosol model was heavily verified against in situ and radiation measurements (Remer et al., 1998) . Remer et al. model is based also on AERONET measurements in Brazil, but in a different time period and on analysis of the almucantar measurements.
A very interesting behavior of the downward diffuse solar flux is shown in Fig.   4 . As the aerosol optical thickness increases, it can be expected that the diffuse solar flux to the ground will first increase, reaching a maximum and then decrease. For optical thicknesses less than 1.0, atmospheric scattering transfers photons from the direct solar beam to the diffuse flux, giving the sky its brightness and color. For higher optical thickness, aerosol absorption and backscatering to space decreases the already large diffuse flux, eventually reaching darkness experienced under a heavy dust storm or smoke from a wild fire. The optical thickness for which the sky brightness reaches the maximum value is determined by the aerosol single scattering albedo and backscatering coefficient (Kaufman and Holben, 1996) . The data indicate higher diffuse sunlight than the model, mainly for high optical thickness. This may be due to higher single scattering albedo, or smaller backscattering coefficient. Sky heterogeneity, discussed later may also contribute to this difference.
The main purpose of measuring the downward fluxes is to estimate the aerosol radiative impact at the surface. When combined with satellite estimate of radiative impact at the top of the atmosphere, a full impact on the radiative budget can be achieved. Aerosol backscattering to space reduces the fraction of sunlight absorbed in the atmosphere and by the surface. Therefore increase in anthropogenic aerosol can extract a significant negative forcing at the top and bottom of the atmosphere. Aerosol decreases the absorption of sunlight by the surface but increases the absorption by the atmosphere, thus an increase in the aerosol absorption is a negative forcing at the surface but positive at the top of the atmosphere. The aerosol spectral radiative impact at the surface is proportional to the fraction of spectral sunlight reaching the surface that is derived as the sum of the direct and diffuse fluxes normalized by the solar spectral flux at the top of the atmosphere (F o µ o ). This fraction, f, given by:
where the first element on the right is the diffuse component of sunlight reaching the surface and the second term is the direct component. The results, for four spectral channels and four locations are given in Fig. 5 . Dust in Cape Verde attenuates the solar radiation slightly less than smoke in Brazil (Cuiaba and Alta Floresta), for the same optical thickness. Urban/industrial pollution aerosol was measured on the roof in Goddard Space Flight Center (GSFC) in Maryland near Washington DC, and in Creteil, France near Paris. Since the single scattering albedo is higher for urban/industrial pollution than for smoke (Kaufman et al., 1998) , it is expected to see a higher fraction of sunlight reaching the surface for a given optical thickness (see model results in table 2). While the results for Creteil France behave according to this rational, aerosol attenuation of the total solar flux in GSFC is very small, with largest discrepancy at 0.44 and 0.86 µm channels. From the scatter of the data it is evident that at least some of this trend is due to sky heterogeneity, e.g. the presence of clouds outside the principal plane that enhance its illumination or variation in the relative humidity. Sky heterogeneity can affect the fraction of sunlight reaching the surface for the same aerosol average loading, similar to the effects with broken clouds (Marshak et al., 1997) . The experimental data are approximated by an exponential function:
where a λ is the Rayleigh attenuation, and b λ is the aerosol attenuation. Best fit values of b λ are given in Table 2 . The measured attenuation of spectral sunlight by the aerosol is smaller by 15-30% from the theoretical models. However in GSFC the attenuation is less than half of the model value.
The data in GSFC deviate significantly from the urban/industrial model of Remer et al (1998b) , therefore require further analysis. To decide if the discrepancy between the model and the AERONET data can be due to residual, unresolved clouds, the spectral dependence of the sky fluxes, given by the sky Ångström exponent, α L :
α L =ln(F 1 /F 2 )/ln(λ 1 /λ 2 ) is shown in Fig. 6 . For AERONET and the model we use: (Fig. 7) than the GSFC data. The main difference in the data from Creteil and GSFC is the presence of broken cloudiness in GSFC that caused a rejection of 55% of the data vs.
10% in Creteil. The GSFC data are further analyzed in the discussion section.
Aerosol radiative impact at the surface
The measurements of attenuation of the solar radiation reaching the surface by aerosol, were given in Fig. 5 and Table 2 zenith angle of 50°. Therefore the impact at the surface is given by the integral:
Where T λ is the spectral transmission through the atmosphere due to gaseous absorption. We did not detect a regular variation of b λ as a function of the wavelength.
Therefore we used the spectral average value of b λ for each site for the entire solar spectrum.
The results are summarized in Table 3, 
Discussion an conclusions
A new technique was demonstrated to derive the solar diffuse spectral flux reaching the surface from principal plane radiances measured by the AERONET sun/sky radiometers. While this is not a direct measurement of the flux, the flux can be derived from the principal plane radiation field within 2.5%. This is in addition to the calibration error estimated to be around 5%. The advantage of the technique is the use of an existing network with 6 years of data from 50-100 instruments, better cloud screening that allows the derivation of the aerosol effect also in the presence of some cloudiness and smaller sensitivity to horizon uniformity and instrumental angular response. Application of the technique to several sites show some interesting differences from aerosol models.
While our models predict that the attenuation of total sunlight reaching the surface should be between -90 and -105 W/m 2 , with the lowest attenuation for dust and highest for smoke, the measurements indicate -80 W/m 2 in all the cases except for GSFC near Washington DC. The fact that observations of varying aerosol type give the same attenuation is surprising. Apparently the differences between these aerosol types in single scattering albedo cancels out the differences in particle effective radius. For example, smoke -due to its small particle size (effective radius of 0.14 µm -Remer et al 1998), does not interact effectively with solar radiation for wavelengths above 1 µm, while dust interacts with the whole solar spectrum (effective radius of 1-3 µm - Tanré et al. 2000) . However smoke single scattering albedo is 0.85 to 0.90 (Kaufman et al., 1998) , while dust single scattering albedo is close to 1.0 for the solar spectrum above 0.55 µm (Tanré et al., 2000) . The smaller dust absorption reduces its effect on the solar radiation near the surface. Apparently these two processes cancel each other in the present case.
The value of -80 W/m 2 is similar also to the forcing measured in the INDOEX experiment (Satheesh and Ramanathan, 2000) . The higher modeled radiative forcing at the surface (Table 3) is the result of the higher attenuation coefficients (Table 2) . These theoretical attenuation coefficients are uncertain. An uncertainty in the single scattering albedo of ∆ω ο =±0.05 corresponds to an uncertainty in the attenuation coefficient b λ =± 0.04 for solar zenith angle of 50° or ±7w/m 2 in the daily flux at the surface (based on the equation in Fig. 7 ). Uncertainty in the particle size and dust nonsphericity will add to these uncertainties. In the case of smoke (see Figs. 3 and 4) the model underestimates the diffuse flux to the surface for high optical thickness. This is expected due to the increase of the smoke single scattering albedo and particle size as a function of the smoke optical thickness (Kaufman et al., 1998) .
In GSFC we measured much lower attenuation than expected from the model calculations and much smaller than the attenuation in Creteil near Paris. We attribute this difference to the presence of broken clouds in the GSFC and the entire NorthEast US in the summer, with cloud fraction that is correlated with the presence of the aerosol (or optical thickness). These clouds, although eliminated from the direct field of view, can illuminate the principal plane from the side, and trap sunlight between the cloud layer and the surface, thereby increasing the solar flux reaching the surface. Monte
Carlo calculations for similar cloud effect on the brightness of cloud-free region observed from space was presented by Kobayashi et al., (2000) . The cloud fraction increases from 0.05 for low optical thickness to 0.2 for aerosol optical thickness of 0.6 at 0.67 µm (Fig. 8) . We simulated the scattering among the aerosol layer, the clouds and In calculating the integral on the solar spectrum we assumed that we can use spectrally constant values of the Ångström exponent α and of the aerosol attenuation coefficient b. Spectral measurements of the sky radiance in a wider spectral range are needed to improve beyond this assumption. However in most case the aerosol forcing for wavelengths >1 µm is small and the assumptions are not expected to introduce a significant errors.
Appendix -Back of the envelope calculations of the effect of a broken cloud field on the surface irradiance.
Cloud free: The fraction of sunlight reaching the surface in cloud free atmosphere, F cloud-free , in a given spectral region can be approximated by:
F dirct is the direct solar radiation reaching the surface:
where τ is the total optical thickness and µ o is cosine of the solar zenith angle, F diffuse -the diffuse radiation reaching the surface:
Where β forward-total =(β forward-aerosol τ aerosol +0.5τ Rayleigh )/τ , β forward-aerosol is the fraction of photons that interact with the aerosol and are scattered forward, τ aerosol is the aerosol optical thickness, 0.5 is the fraction of photons scattered forward by molecular Rayleigh scattering and τ Rayleigh is their optical thickness.
F multi-ref is multiple scattering between the surface and atmosphere
Where R atm =β back-total τ/2
Adding clouds: The fraction of sunlight reaching the surface in a cloud free spot, in the presence of broken cloudiness with cloud fraction f c , cloud transmission t c and cloud reflection R c is F +cloud , approximated by:
Here assume that the diffuse radiation in the sunny pixel is not affected by the obscuration by clouds of part of the sky due to the strong forward structure of the diffuse radiation, and therefore the cloud effect is only in adding illumination. 
Where β back-total is similar to β back-total replacing the aerosol forward scattering fraction with the backscattering. (Tanre et al, 2000) , smoke (Remer et al., 1998a) and urban/industrial models (Remer et al (1998b) . The spectrally averaged {b λ } and the Ångström exponent, α, average and standard deviations are also shown. Table 2 .
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Models
Only b is allowed to value, a is fixed based on the Rayleigh scattering value. Fig. 9 : Demonstration of the effect of broken cloudiness on the downward flux at the surface. Blue points are AERONET measurements of the fraction of sunlight reaching the surface as a function of the aerosol optical thickness. Red and green lines are the calculations respectively without and with a change in cloud fraction from ranging from 0.05 to 0.2 associated with a corresponding change in the aerosol optical thickness (Fig. 8) . Clouds are considered to be located in one layer with cloud diffuse transmission of t c =0.7 and Lambertian reflectance of R c =0.3. The four panels are for wavelengths of 0.44 µm at the top to 1.02 µm at the bottom. The cloud effect -green line explains to a large degree the lack of decrease in the fraction of photons reaching the surface with an increase in the aerosol optical thickness.
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